Sucrose synthesis rate in an exporting sugar beet (Beta vulgaris L.) leaf was calculated from simultaneous measurements of export and changes in leaf sucrose level. The amount of recently fixed carbon exported was determined from net carbon assimilated minus the tracer carbon accumulated in the leaf. The relative amount of "4C accumulated in the leaf supplied with '4CO2 throughout an entire light period was recorded continuously with a Geiger-Mueller detector. To produce a continuous time course for tracer carbon accumulated in the leaf during the light period, the latter curve was superimposed on values for tracer carbon accumulated in leaves sampled at hourly intervals. Validity of the method requires that nearly all of the carbon that is exported be sucrose and that nearly all of the sucrose that is synthesized be either exported or accumulated as sucrose in the exporting leaves. These conditions appeared to be fulfilled in the situations where the method was applied. The method was used to study the effect of increasing atmospheric CO2 concentration on the rate of sucrose synthesis. Further, the method can be used in conjunction with the gathering of other data such as gas exchange, metabolite levels, and enzyme activities in a set of leaves of a similar age on the same plant. This assemblage of data was found to be useful for understanding how rates of photosynthesis, sucrose synthesis, and translocation are regulated in relation to each other in an intact plant.
on steady state labeling (7, 8, 12, 13) , for calculating rates of sucrose synthesis throughout a daily light period in leaves of sugar beet, a sucrose-exporting plant. Measurements required for estimating sucrose synthesis were designed to be done in conjunction with concurrent measurements of gas exchange, metabolite levels, and enzyme activities in a set of similar leaves on the same plant. Changes in sucrose synthesis produced by experimental treatment were measured by the method.
MATERIALS AND METHODS
Plant Material. Sugar beet plants (Beta vulgaris L., Klein E type, multigerm) were grown in 6-L containers in a mixture of Jiffy Mix (Ball Jiffy Co.):sand (1: 1, v/v) watered three times daily with a nutrient solution (4) . Plants were maintained under a 14-h photoperiod at 25°C, 60% RH day and 17°C, 75% RH night. Typically, leaves of plastochrons 4 and 5, with an area of 1.0 to 1.5 dm2, were used when plants were 4 weeks old.
Irradiance. Maximum irradiance was 0.75 mmol m-2 S' at leaf blade level during growth and during experiments. During growth, light intensity was changed in 3 ascending and 3 descending steps to approximate natural diurnal irradiance. During experiments a 12 x 0.6 m mylar strip, consisting of a closely graded series of neutral density filters, was moved between the light source and the plant to produce a sinusoidal light regime. The target irradiance level provided by computer-directed movement of the filter strip is given by the equation:
Sucrose synthesis has been the subject of much research interest recently because of its importance in the allocation of recently fixed carbon (2, 11, 14) . While knowledge of the sucrose content of a leaf can give some insight into sucrose production, it does not provide direct quantitative information about the rate of its synthesis. Similarly, studies on isolated leaf tissue can provide data about processes that potentially can control carbon metabolism in photosynthesizing leaves but, because sucrose synthesis may be affected by the isolation process, such studies are of limited use in understanding control ofsucrose synthesis in intact plants. To understand integrated control of photosynthetic carbon allocation, sucrose synthesis, metabolite levels, and translocation, it is important that these processes be measured concurrently in an intact and relatively undisturbed plant (5) . The ability to measure synthesis of sucrose from recently fixed carbon enhances the integrated studies which already have proven to be a powerful tool for investigating carbon metabolism at the wholeplant level (4, 9, 18) .
The goal of the present study was to develop a method, based Steady State Labeling. Throughout the light period, CO2 of known SR2 was supplied from a cylinder at low pressure to both enclosed leaves (7, 8) . The SR of this tracer carbon, typically 30 to 60 Bq ug-' C, was measured by monitoring the CO2 in the enclosed atmosphere, by ion chamber-electrometer (Keithley model 617) and IR gas analyzer. To verify SR as measured by electrometer and IR gas analyzer, 20-ml samples of the enclosed atmosphere were collected at several times during the day, the CO2 was absorbed in 1 N KOH, and the 14C was counted by liquid scintillation method. SR values obtained by the two methods were in good agreement.
Relative Amount of 14C Accumulated. Relative accumulation of leaf 14C was monitored by a G-M detector/ratemeter arranged to count leaf tracer carbon in leaf 1 throughout the light period (7, 8) . The G-M tubes used have a 30-,is dead-time, and the count rate was in the 30K-counts min-' range by the end of the labeling period so no dead-time correction was used. A 100-s time constant wasjudged to give a smooth count-rate curve while preserving adequate responsiveness. Tracer carbon accumulation was about 30 to 50 counts min-' each min, allowing a change to be seen clearly over a 10-to 15-min period.
Tracer Carbon Accumulated. To measure accumulation of tracer carbon, four 0.13-cm2 leaf samples were taken from leaf 2 at hourly intervals throughout the light period (13) . Samples were removed through a small opening in the leaf chamber lid to lessen the entry of unlabeled CO2 and the consequent lowering of SR. After the samples were dried, weighed and oxidized in scintillation vials (1, 10) , their 14C content was assayed by liquid scintillation counting and the resulting data, along with measured SR, were used to calculate leaf tracer carbon. Tracer carbon content of the leaf being monitored by the G-M detector also was determined from several samples taken at the end of the day. On the reasonable assumption that tracer carbon was accumulated in the same ratio between leaf 1 and leaf 2 throughout the day, an average value for tracer carbon per unit area was calculated for each hour.
Analysis of Leaf Metabolites. Distribution of tracer carbon into sucrose, glucose, fructose, and starch was determined from two 0.13-cm2 samples taken from leaf 2 at hourly intervals along with the four similar samples for leaf tracer carbon. Carbohydrates were assayed by modification (3) of the method of Jones et al. (15) for measuring sucrose and of Outlaw and Manchester (16) for measuring starch. On occasion, radioactivity of starch or of sugars separated by chromatography (4) was also determined.
For some studies two additional leaves, which were not enclosed in the labeling chambers, were used for sampling metabolite levels. Samples were quick-frozen in place and used for analysis ( 18) .
Leaf Carbon Determinations. At intervals of several hours, three 0.38-cm2 discs were removed, dried, weighed, and assayed for carbon content following oxidation with dichromic acid (19) as modified by Geiger and Shieh (10) . The latter data were used to calculate the carbon content of the discs that were used for tracer carbon determination and thereby to follow the change in total leaf carbon throughout the day. These data were used to calculate sucrose synthesis by an alternative method based on dry weight change in which data for accumulated leaf carbon was used in place of data for tracer carbon accumulation (Fig.  1 ).
RESULTS
Cumulative Carbon Assimilated. The measurements needed to estimate sucrose synthesis rate are summarized in Figure 1 . Averages of net carbon assimilation rates taken throughout the light period were integrated and the resulting curve was smoothed by a moving 3-point average to yield the cumulative net carbon assimilated (Fig. 2, curve 1) .
Cumulative Tracer Carbon Exiting Leaves. The time course curve for amounts ofleaf-'4C, obtained by monitoring leaf 1 with a G-M detector, was superimposed on the graph of hourly values for tracer carbon accumulated in leaves 1 and 2. The G-M curve, recorded in relative radioactivity units, was multiplied by a factor to make its maximum equal the measured maximum amount of tracer carbon accumulated. The former curve then was positioned to provide a good fit that included making the sum of the errors between each tracer carbon value and the curve approximately zero (Fig. 2, curve 2) . The resulting smoothed curve for accumulated tracer carbon per area of leaf blade was subtracted from the cumulative carbon assimilated (curve 1) to yield the cumulative tracer carbon exported per area from leaves 1 and 2 together (curve 3).
Cumulative Leaf Sucrose Synthesized. Changes in sucrose present per area of leaf blade between successive leaf samples were calculated and hand fitted with a smooth curve. Values at 5-min intervals along the curve for change in leaf sucrose were added to values along curve 3 to produce curve 4 ( Fig. 1) , the cumulative sucrose synthesized from recently fixed carbon (data not shown). In this case, there was little change in sucrose and curves 3 and 4 were quite similar. Slopes along the smoothed curve were computed at 20-min intervals to calculate the rates of sucrose synthesis from recently fixed carbon (Fig. 3) .
Export and Sucrose Synthesis during Increased Carbon Assimilation. To illustrate application of the method, sucrose synthesis rate was measured following an increase in new carbon assimilation produced by increasing atmospheric CO2 (Fig. 4) (Fig. 3) . Limits (3, 4) . Also labeling the leafduring the previous light period can be used to measure sucrose synthesis from both sources (4) .
Some sucrose, particularly that made during the first hour of the day, may accumulate in the leaf, and this increase in stored sucrose must be added to that which is exported to calculate sucrose synthesis (Fig. 1.) content are small (Ref. 4 and Fig. 2 ) and consequently play a minor part in calculations of sucrose synthesis rates in sugar beet. In certain cases, leaf sucrose level may change markedly and become an important part of the sucrose synthesis calculations as was seen when CO2 was increased (Fig. 4) . The difference shown between the rates of export and sucrose synthesis reflect this sizable change in leaf sucrose level with the treatment.
Some experimental treatments may cause the sucrose that is retained in the leaf to be converted to other compounds. Free hexose levels generally are steady and turnover is low as judged by entry of tracer carbon into hexoses (6, 7) but sucrose may be converted to glucose and fructose in certain cases such as when export from sugar beet leaves is inhibited by heat-killing the petiole (BR Fondy, personal communication). In the event that hexoses are an important terminus for sucrose synthesis, the gain in hexoses can be added to exported carbon to yield a variant of curve 4 ( Fig. 1) , the cumulative amount of sucrose synthesized from recently fixed carbon. When applying the method to calculate sucrose synthesis from recently fixed carbon under a new set of conditions it is important to examine whether the above assumptions are met and, ifnot, to take steps to make corrections where needed. Generally, while the rate of sucrose synthesis was found to vary by up to 30% among similar plants in a recent study, the diurnal pattern of sucrose synthesis was quite reproducible. Strengths of the Method. A major strength of the method is its ability to produce a nearly continuous time course for synthesis of sucrose from recently fixed carbon spanning an entire light period. This capability results from our ability to determine net carbon assimilation frequently during the labeling period. In practice, 168 to 840 individual rates per 14-h period were used to derive curve 1, the cumulative carbon assimilated by leaves (Fig. 2) . The other major contribution to the sucrose synthesis calculation, accumulated '4C-content of the leaf, was based on 840 values from G-M counts over a 14-h period. Together these values were used to calculate curves 3 and 4, which are smooth and practically continuous time courses.
The method of monitoring the 14C-content with G-M detectors (7, 8) depends on a steady, known counting efficiency. Because much of the 14C is deep within the leaf, self-absorption is high (8) and probably changes somewhat as tracer carbon is distributed throughout the leaf, particularly early in the labeling period. The present method addresses this problem by sampling the tracer carbon content of leaves at hourly intervals (Fig. 2) , a method used by Grange (13) itoring of the leaf 14C-content. (14, 20) . In the present study, measurements outlined in Figure 1 were altered by substituting hourly leaf carbon data for the usual values for accumulated tracer carbon to produce an alternative version of curve 2 (data not shown). Carbon to dry weight ratios were used with leaf dry weight data to calculate carbon accumulated in leaves (17) . The export data determined from these gravimetric measurements were then used to calculate sucrose synthesis rates (Fig. 5) .
In this study, the gravimetric measurements of export, by themselves, clearly were not adequate to establish that the rate I of sucrose synthesis was relatively steady throughout the sinusoidal light regime. The curve derived by tracer carbon measurements (Fig. 3) is but one of many curves that would satisfy the gravimetrically determined data (Fig. 5) . Because of the scatter, these latter points certainly do not specify this curve uniquely. Dry weight accumulation in leaves in the present study was just over 1% of the total leaf dry weight/h. Because this small change is calculated by subtracting the dry weight of two leaf samples that differ just over 1% in their dry weight, the resulting export calculations are expected to show a high degree of variability. In practice, such data have been found to exhibit a high relative error (14, 20) . It appears to be impractical to construct a detailed time course by removing large enough sets of leaf samples to reduce the variability to an acceptable level. With beet or bean leaves, there is not enough similar leaf tissue for the frequent samples needed to get a satisfactory time course for detailed kinetic studies of sucrose synthesis.
Need to Measure Sucrose Synthesis. The present method addresses the need for sucrose synthesis measurements in studies dealing with regulation of carbon allocation and sucrose synthesis. In the past, rates ofsucrose synthesis have been inferred from sucrose levels (1 1) or from gravimetric measurement of export ( 14) . To discuss the role of sucrose synthesis in the regulation of photosynthesis and carbon metabolism, it is important actually to measure sucrose synthesis rates in photosynthesizing, exporting leaves.
Value of the Method for Future Studies. To understand integrated control of photosynthetic carbon allocation, sucrose synthesis, and translocation, these processes must be measured concurrently in an intact and relatively undisturbed plant (5) . Previous coordinated studies of photosynthetic carbon metabolism, metabolite levels, and export have proven to be a powerful tool for the study of carbon metabolism at the whole-plant level (3, 4, 9, 18) . The ability to measure export and sucrose synthesis is a valuable asset currently being used in our laboratory in conjunction with concurrent measurements of gas exchange, metabolite levels, and enzyme activities to study diurnal regulation of carbon allocation.
